Ubiquinone, Lyophilization, N-Methyl Phenazonium M ethosulphate, Kinetics, Chrom atophores 1. The effects of lyophilization and the extraction of ubiquinone-10 on the kinetics of electron transport in R h odopseudom onas capsulata Ala pho+ have been investigated.
Introduction
In the cyclic electron transport system of Rps. capsulata and the closely related Rps. sphaeroides, there is a possibility that ubiquinone-1 0 (UQ) acts in several separate sections as an electron or hydrogen carrier [1 -5 ]. Thermodynamic and ki netic evidence [4 ] suggests that a ubiquinone/ ubisem iquinone couple acts between the bound UQFe complex of the reaction center (primary acceptor) and cytochrome b50 (Cyt b50) in the presence of antimycin A. UQ depletion experiments also indicate a role for UQ as the secondary ac ceptor in Chromatium vinosum [5 ] .
It has been suggested that UQ is also involved in cytochrome c2 (Cyt c2) re-reduction [16] have also demonstrated the second order nature of the interaction between Cyt c2 and its rapid re ductant in Rps. sphaeroides, but they propose that the ZH-produced following Cyt c2 reduction by ZH2 is the reductant for ferricyt b50.
Chromatophores of R ps. capsulata contain large amounts of UQ ( 2 5 -100 molecules per reaction center) [1 7 , 18 and Dr. P. L. Dutton We have attempted in this work to relate the effects due to UQ extraction observed with continuous illum ination to those observed when using satura ting light flashes to elicit only one turnover per electron transport chain.
M ethods
Chromatophores from the carotenoidless mutant of Rps. capsulata strain Ala pho+ were prepared as described previously When carrying out redox titrations (reviewed in 25) great care was taken to ensure that the medi ating dyes did not affect the kinetics of electron transport. Since PMS or PES at concentrations as low as 1 ,um markedly modified the kinetics of cyto chrome changes, these reagents were omitted, and 5 ju m each of 2-hydroxy-l,4-naphthoquinone, 1,4-naphthoquinone and 1 ,2 -naphthoquinone were used.
In order to ensure equilibration of the Pt elec trode with the membrane redox components, a rather long equilibration time (15 -2 0 min) at each redox potential (Eh) was allowed before measure ments were made, and 1 //M PMS was added at the end of redox titrations (at low .Eh) to confirm that the Pt electrode was at least equilibrated with the solution phase.
Because of uncertainty in the effectiveness of the mediators which had to be used for redox titrations, we hesitate to draw definite conclusions from redox titrations performed on lyophilized chromatophores.
Results and D iscussion

Effects of lyophilization
Lyophilization affected the electron transport sys tem in a number of ways which must be taken into account when considering the effects of UQ extrac tion. There was some dislocation of cytochrome c2 from its site of interaction with the reaction center such that, in the presence of antimycin A, only about 15% of the total photo-oxidizable cytochrome c2 was oxidized on a m illisecond time scale follow ing a single flash (Fig. 1) (c. f. 30 -50% in native chromatophores). Of the "rapidly" oxidized Cyt c2, about 50% was oxidized with a t1/2 of less than 50 jus. Treatment with isooctane increased the amount o f Cyt c2 oxidized on a subm illisecond time scale follow ing a single activation, perhaps by providing an environment in which some mem brane structural rearrangement could occur (see Fig. 2 ).
Lyophilization also affected electron transport from Cyt b50 and to Cyt c2. Since the proportion of 
Effects of N -m ethyl phenazonium m ethosulphate (PM S)
The disruption of the electron transport system caused by lyophilization also gave rise to an in- the control rate, it is also possible that the step bypassed by PMS was not the rate lim iting step in Cyt Co re-reduction (Fig. 2 ) . Although PMS stimu lated rapid com plete re-reduction of the photo oxidized reaction centers, re-reduction of Cyt c2 in the presence iof PMS was not aways complete even after 200 ms (Fig. 2 ) . Low concentrations of PMS also stimulated Cyt b50 photo-oxidation (Fig. 3 ) . A spectrum of the change confirms that Cyt b50 was being oxidized (Fig. 4 A ) . The oxidation was partially antimycin sensitive, and became less sensitive as the PMS concentration was raised (Fig. 3 ) . These effects are interpreted as being due to oxidation of Cyt b50 by an oxidized species of PMS (possibly the semiquinone PMS •) resulting from oxidation of reduced PMS (PMSH) by the photo-oxidized reac tion centers. The different sensitivities of the PMS stimulated Cyt c2 and Cyt b50 kinetics to antimycin imply that, under these conditions, the redox changes of the two cytochromes were not oblig- Fig. 4 . A. Spectrum of the absorption charge, 100 ms after the flash in extracted chromatophores in the presence of 5 /um PM S. The spectrum is corrected for the reaction center change, assum ing that the change at 605 nm re presents only a reaction center change. Each point is derived from a non-averaged trace of the flash induced absorption charge recorded at th at wavelength. The instrum ent response time was 10 ms. Chrom atophores were at 14 jum BChl in the medium described in M aterials and Methods. B. Spectrum of the absorption charge 140 ms after the flash in extracted chromatophores. Conditions were as for Fig. 4 A except that no PM S was present, and the change due to Cyt c2 photo-oxidation has also been substrated out. preparations, especially in experiments using anti mycin A.
The pattern of reaction center oxidation on multiple flash excitation in the presence of 5 jum PMS to re-reduce the reaction center in the time between flashes (10 m s), was altered by UQ ex traction (Fig. 5 ) . By the fourth excitation, the extent of reaction center oxidation was only 8 % of the extent following the first excitation, as compared to almost 1 0 0 % in the unextracted chromatophores, and 30% in the reconstituted chromatophores. It seems likely that this is caused by a loss of the secondary acceptor pool in the depleted particles, so that electrons not reaching Cyt b50 remain on the primary acceptor instead of moving on to the UQ pool. (Fig. 3 ) . Time resolved spectra were used to demonstrate that the Cyt b going reduced was Cyt b50 (Fig. 4 B ) . In all the variously treated chro matophores, the apparent f1/2 for Cyt b50 reduction decreased as the redox potential was lowered (from ~ 10 ms at .fh ~ 2 0 0 mV to about 1 ms at Eh ~ 15 mV pH 8 .0 ). This rate of reduction was not kinetically linked to Cyt c2 re-reduction in either depleted or non-extracted chromatophores. Thus, in lyophilized UQ containing chromatophores, the rate of Cyt b50 reduction at low Eh and in the absence of antimycin A was very much more rapid than the rate of Cyt c2 re-reduction in the same preparation. Dutton and Prince [29] have proposed that the reduction of Cyt b50 by ZH -, kinetically linked to Cyt c2 reduction, operates at low Eh because it is faster than -the rate at which Cyt b50 may be reduced by electrons delivered form the primary acceptor. This seems unlikely in view of the above observation. However, our observations are compatible with a simple linear scheme in which the reductant for Cyt b50 is independent of the redox state of Z/ZHo [ 1 ], although this redox state m ay indirectly affect the kinetics of Cyt b50 reduction
Antimycin A decreased both the initial rate and total extent of Cyt b50 reduction in the UQ depleted chromatophores (Fig. 3 ) . This may be due to a direct effect of antimycin on the interaction between Cyt b50 and its rapid reductant but the decrease in extent probably reflects the fact that a propor tion of the Cyt b50 was pre-reduced by endogenous reductant or by photo-reduction by the measuring light under these conditions. Because of these effects, the rate of re-oxidation of Cyt b50 could not be determined by subtracting the change in the presence of antimycin from that in its absence. However, inspection of the traces (Fig. 3) does sug gest that Cyt b50 oxidation was inhibited by UQ extraction and could be partially restored on re constitution with UQ. Redox titrations indicated that in unextracted and reconstituted chromato phores, the rate of Cyt b50 oxidation increased as the potential was lowered below 200 mV, but very little change in rate was seen in extracted chromato phores.
The effects of UQ extraction and reconstitution on Cyt c2 re-reduction were equivocal because of the disruptive effects of lyophilization. UQ extraction apparently had very little effect on the rate of Cyt c2 re-reduction after allowing for the acceleration of Cyt Co oxidation by isooctane treatment.
Effects of PM S in ubiquinone-extracted chrom ato phores
The stimulation of Cyt b50 oxidation was most marked in UQ-depleted chromatophores. In these membranes, the rate, but not the extent, of Cyt b50 oxidation increased as the PMS concentration was raised from above 5 //M (Fig. 3 ) , and even at fairly low concentrations, the PMS mediated Cyt b50 oxidation was faster than that mediated by the endogenous oxidant. In terms of the mechanism suggested by Crofts et al.
[1 ] we envisage that the component ZH2 (ubiquinol in a special environ ment) , when oxidized by ferricytochrome c2, prod uces the semiquinones species ZH • which is the endogenous oxidant for ferrocyt b50. Results from unlyophilized chromatophores suggest that the halftime for oxidation of ferrocyt b50 bz ZH • may be at least as low as 2 ms, so that the rate constant for oxidation of ferrocyt b50 by ZH-must be high. The slow rate of oxidation of Cyt b30 in lyophilized unextracted chromatophores is thought to reflect the slow rate of generation of ZH-in these chroma tophores. The PMS stimulated rate of oxidation of Cyt b50 also appears to proceed via a reaction with a high rate constant as observed after ubiquinone depletion.
In both unextracted and extracted chromato phores, when PMS is present, a substantial part of the re-reduction of Cyt c2 and reaction center occurs through PMSH, presumably producing PM S-, so that extraction does not significantly affect the con centration of PMS-generated follow ing a flash excitation. Furthermore, removal of a large pool of ubiquinone did not appear to significantly alter the rate of Cyt c2 reduction. This implies that the level of Z/ZHo was not affected, but because of the drastic effects of lyophilization we cannot regard this as a definite conclusion. If correct, however, it would seem that ubiquinone depletion not only results in inhibition of oxidation of ferrocyt b50 by the endogenous oxidant ZH • but also enables PMS • to interact more readily with an oxidation site for ferrocyt b50.
UQ extraction did not affect the PMS mediated bypass of the antimycin A block on Cyt c2 reduc tion (Fig. 3 ) .
Thus loss of a large UQ pool from lyophilized chromatophores has very little apparent effect on Cyt Co reduction over that caused by lyophilization, but has a fairly marked effect on Cyt b50 re-oxi dation, implying that although the two processes appear to be kinetically linked in normal and in lyophilized particles, they are not obligatorily linked in UQ depleted chromatophores. This is also suggested by the differential sensitivity of the two processes to antimycin in the presence of PMS. However, because of the modifying effects of lyo philization, we would hesitate on the basis of these results to reach any firm conclusions about the mechanism operating in native unlyophilized chro matophores. The results obtained appear to be somewhat inconsistent with those of BaccariniMelandri and Melandri [1 8 ]. It is possible that isooctane extractable bulk UQ plays a role in Cyt c2 reduotion, but that this role only becomes apparent in the steady state, and not during a single turnover of the system. It is also possible that, although the experiments of Baccarini-Melandri and Melandri [18] were performed in an anaerobic, succinate poised system, the redox po tential of the suspensions of UQ depleted chromato phores was still rather high, since loss of the ubi quinone pool considerably increased the time re quired for consumption of oxygen in the medium. At high redox potentials, the rate of Cyt c2 reduc tion is slow even in native chromatophores.
Role of ubiquinone
It is apparent from our experiments that extrac tion of 90 -95% of the ubiquinone from lyophilized chromatophores has a less dramatic effect than would be expected if the two reactions in which it is suggested that the quinone participates were dependent on the normal concentration of bulk quinone. The reduction of ferricytochrome b50 was not greatly affected by extraction, and it therefore seems likely that its reaction with the reduced primary acceptor is mediated through ubiquinone bound at a special site, possibly one of the reaction center UQs [35] . On the other hand, extraction drasti cally affected the size of the acceptor pool available to the photochemistry over a period of tens of ms, suggesting that over this time scale no alternative acceptor to Cyt b50 was available. We may take these results as showing that in normal chromato phores the large pool of acceptor available to the photochemistry is ubiquinone, as we have previously suggested [1 4 ], and that Cytochrome b50 is reduced rapidly and directly without the intervention of this pool. The effects of extraction on the reduction of cytochrome c2 were far from clear, largely because of the drastic effects of lyophilization on the cyto chrome c2 kinetics. In the presence of ubiquinone the oxidation of Cyt b50 and reduction of Cyt c2 appeared to be kinetically matched, but either ex traction of ubiquinone, or inclusion of PMS in the reaction mixture upset this apparent coupling be tween the two reactions. Reduced PMS appeared to be an effective donor both to Cyt c2 and directly to the oxidized reaction center; neither reaction was inhibited by antimycin. Because of the inhibi tory effect of lyophilization we can draw no firm conclusions as to the role of ubiquinone in the reduction of Cyt c2 from these experiments.
Attempts to reduce the effects of lyophilization on cyclic electron transport, and to extract more tightly bound UQ molecules using more potent extraction methods are in progress.
